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(57) Abstract: A method of manufacturing a semiconductor structure comprising clusters and/or nanocrystals of silicon is described 

which are present in distributed form in a matrix of a silicon compound. The method comprises the steps of depositing a layer of a 
£J thermally non-stable silicon compound having a layer thickness in the range between 0.5 nm and 20 nm especially between 1 nm and 

10 run and in particular between 1 nm and 7 nm on a support and thermal treatment at a temperature sufficient to carry out a phase 
Q separation to obtain the clusters or nanocrystals of silicon in a matrix of thermally stable silicon compound. The claims also cover 

semiconductor structures having such distributed clusters or nanocrystals of silicon. The method described enables the economic 
^ production of high density arrays of silicon clusters or nanocrystals with a narrow size distribution. 
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A method of manufacturing a semiconductor structure comprising 
clusters and/or nanocrystals of silicon and a semiconductor structure 

of this kind* 

The present invention relates to a method of manufacturing a semicon- 
ductor structure comprising clusters and/ or nanocrystals of silicon which 
are present in distributed form and a matrix of a silicon compound and to 
a semiconductor structure of this kind. 

It is known that Si clusters or nanocrystals embedded in SiCte show a 
strong visible luminescence. 

There is currently much interest in designing semiconductor structures 
based on silicon which are able to emit light and which are suitable for 
integration into optoelectronic circuits in chip form, for example in the 
form of lasers and high speed telecommunication devices, and for use in 
memories. 

The November 23, 2000 issue of Nature, Volume 408 includes on pages 
411 and 412 a general article by Leigh Canham giving a general overview 
of the concept of obtaining light from silicon with particular reference to 
silicon nanocrystals. The same edition of nature also contains, on pages 
440 to 444 an article by L. Pavesi and colleagues entitled "Optical gain in 
silicon nanocrystals". 
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A general discussion of the physics of crystallisation of amorphous super- 
lattices in the limit of ultra thin films with oxide interfaces is given in an 
article by M. Zacharias and P. Streitenberger in Physical Review B, Vol- 
ume 62, No. 12 of September 15, 2000 on pages 8391 to 8396. 

At this stage it should be explained that silicon nanociystals are crystals 
of silicon with dimensions in the nm range. The nanociystals contain 
relatively few silicon atoms and have properties which differ from those of 
larger silicon crystals. Accumulations of silicon atoms without crystallisa- 
tion are sometimes also referred to as clusters. 

To date there have been two principal proposals for the generation of such 
silicon clusters or nanocrystals. The first proposal is, e.g., described in the 
article by L. Pavesi et al described in the named issue of Nature. This arti- 
cle describes how silicon ions have been implanted by negative ion im- 
plantation techniques into ultra-pure quartz substrates or into thermally 
grown silicon dioxide layers on Si substrates followed by high temperature 
thermal annealing, for example at 1100*0 for one hour. This heat treat- 
ment allows the implanted silicon atoms to move within the substrate and 
form Si clusters or nanociystals during the high temperature thermal an- 
nealing. In the cited article by Pavesi et al, it is stated that the silicon 
nanociystals embedded within silicon dioxide matrix are of the order of 3 
nm in diameter in concentration of 2 xlO 19 cm- 3 . 

Although ion implantation can be used to produce silicon nanocrystals it 
has the significant disadvantage that large area ion implantation with a 
high Si ion dose is not regularly used in silicon electronic production sys- 
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tems and thus the need to use ion implantation is a substantial complica- 
tion of the manufacturing process. 

A second proposal for the manufacture of silicon nanociystals is to be 
found in US-A-6,060,743. This US patent describes a variety of semicon- 
ductor structures all of which basically involve the deposition of a thin 
amorphous silicon layer on a silicon dioxide film. The amorphous silicon 
layer is for example just 1 nm thick. The thin silicon film is deposited at a 
relatively low temperature and is subsequently heated to about 800°C 
without being exposed to the atmosphere (in order to prevent oxidation). 
The heating caused an agglomeration phenomenon in the flat amorphous 
silicon layer formed on a silicon oxide film. As a result, the amorphous 
silicon layer is converted into independent crystals of about 10 nm in di- 
ameter at most and about 5 nm in height with a density of the silicon 
nanocrystals of 3.5 x 10 11 cm- 3 . The silicon nanociystals are formed on the 
silicon dioxide film of the silicon substrate. Thereafter a further silicon di- 
oxide film is deposited over the substrate and the nanocrystals. 

This method has the disadvantage that only a relatively small density of 
nanocrystals can be achieved and that the method can only be rationally 
be extended to the production of a few "layers" of nanocrystals because of 
the process that is used. 

The object underlying the present invention is to provide a method for the 
manufacture of clusters and /or nanocrystals of silicon which enables a 
semiconductor structure having a high density of clusters and/ or nanoc- 
rystals to be achieved with the clusters and/ or nanocrystals having a nar- 
row size distribution, i.e. a well defined average size and spacing, with the 
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method being fully compatible with existing silicon technology and being 
capable of being carried out economically on a large scale and on full size 
silicon wafers. 

In order to satisfy this object there is provided, in accordance with the 
present invention a method pf the initially named kind which is charac- 
terised by the steps of • 

a) depositing a layer of a thermally non-stable silicon compound hav- 
ing a layer thickness in the range between 0.5 nm and 20 nm espe- 
cially between 1 nm and 10 nm and in particular between 2 nm and 
7 nm on a support and 

b) thermal treatment at a temperature sufficient to cany out a phase 
separation to obtain the clusters or nanocrystals of silicon in a ma- 
trix of thermally stable silicon compound. 

This method is best explained with reference to an example. First it is nec- 
essaiy to have available; a suitable support substrate which can be a sili- 
con wafer with a silicon dioxide film on one of its surfaces, or a quartz 
wafer, i.e. a wafer of silicon dioxide, or any other thermally stable support 
which is capable of withstanding the relatively high temperatures which 
are required for the thermal treatment, which typically lie in the range 
between 800 and 1100°C. A further example of such a support is sap- 
phire. A layer of a thermally non-stable silicon compound, for example in 
the form of SiO* with 0 < x < 2, is then deposited as an amorphous layer 
onto the support and the thickness of the amorphous layer is controlled to 
lie in the range between 0.5 nm and 20 nm, with a layer thickness in a 
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range 1 nm to 10 nm being preferred and with the range between 1 run 
and 7 nm being best suited for the realisation of the invention. 

This thermally non-stable silicon compound layer is subjected to a ther- 
mal treatment, for example by heating it to a temperature above the crys- 
tallisation temperature of the thermally non-stable silicon compound layer 
or by subjecting the layer to so-called rapid thermal annealing in which it 
is rapidly heated up to a temperature around the crystallisation tempera- 
ture or even below it then rapidly cooled down again, e.g. using the AST 
10 RTP system of the Sterg group. Either of these techniques can be used 
to produce phase separation of the deposited thermally non-stable silicon 
compound layer. That is to say the oxygen atoms and silicon atoms in the 
layer rearrange themselves into clusters or nanocrystals of pure silicon 
and a matrix of stochiometric silicon dioxide Si02- The thickness of the 
layer that is deposited defines the height of the nanocrystals that are 
formed, i.e. defines the upper limit for the height of the nanocrystals of 
silicon and also constrains the lateral dimensions of the nanocrystals. The 
proportion x of the thermally non-stable SiOx determines the diameters or 
dimensions of the siHcon nanocrystals and clusters in a direction parallel 
to the plane of the layer and the mean spacing between adjacent silicon 
clusters or nanocrystals. Thus the deposited layer of thermally non-stable 
silicon compound is rearranged by the thermal treatment into clusters or 
nanocrystals of silicon distributed in a matrix of silicon dioxide. The proc- 
ess can readily be controlled so that a high density of silicon clusters or 
nanocrystals is achieved in a narrow size distribution with such clusters 
or nanocrystals being separated from adjacent cluster or nanocrystals by 
relatively well defined amounts of thermally stable silicon dioxide. 
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Because the thermally non-stable layer is deposited onto, for example, 
. silicon dioxide there is no tendency for the silicon nanocrystals to grow 
onto a pure silicon surface which might otherwise inhibit the formation of 
unit formally sized discrete silicon clusters pr nanocrystals. 

In accordance with a preferred embodiment of the invention the support is 
provided, at least at the interface to the deposited layer, with a layer of a 
thermally stable silicon compound or of at least one rare earth compound. 
The thermally stable compound can, for example, be silicon dioxide or sili- 
con nitride and the rare earth compound could, for example, be erbium 
oxide. The presence of rare earth elements close to and adjacent to the 
clusters or crystals of silicon has been found to enhance the l umin ous 
emission of the rare earth element and in particular leads to enhanced ra- 
diation with a wavelength of 1.54 \xm (for erbium) which is a preferred , 
wavelength for optoelectronic applications. 5 

Although it is conceivable that a single thin layer containing distributed 
clusters and/ or nanocrystals of silicon on a support may be sufficient for 
some purposes, it is considered preferable to deposit a further layer of 
thermally stable silicon compound or of at least one rare earth compound 
onto the thermally non-stable silicon compound layer prior to the thermal 
treatment to produce the clusters or nanocrystals. This leads to a high 
density array of silicon clusters or nanocrystals in a single plane with a 
density of typically 1 x 10 13 cm- 3 . 

In particular, it is possible to provide an alternating sequence of deposited 
layers of thermally non-stable and thermally stable silicon compounds, 
optionally with further intermediate layers. Using the invention, the entire 
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With such layer sequences, one or more of the silicon compound layers 
can be doped with at least one element or compound of the group of rare 
earth elements, for example by implantation or during layer generation. 

The mean size and the mean spacing of the clusters or of the nanocrystals 
can be set. by the stochiometry of the thermally non-stable compound, i.e. 
by the value selected for x. In addition, the mean size and mean spacing of 
the clusters or of the nanocrystals can be set by the temperature charac- 
teristic of the thermal treatment and also by the environmental conditions 
which are used, for example the gases that are used in the treatment 
chamber which can, for example, be forming gas, or oxygen, or argon. Al- 
ternatively, vacuum conditions can be used in the thermal treatment 
chamber which again can affect the mean size and spacing of the clusters 
and/or nanocrystals. 

Further preferred embo dim ents of the method are set forth in the subor- 
dinate claims as are preferred embodiments of semiconductor structures 
formed using the method. 

Whereas claims 18 to 30 are concerned with semiconductor structures in 
which the thermally non-stable semiconductor compound layers have 
been converted into clusters and/or nanocrystals of silicon distributed in 
a silicon dioxide matrix, claims 31 to 35 relate to the semiconductor 
structure prior to the thermal treatment to produce the clusters or nanoc- 
rystals of silicon since such semiconductor structures can form interme- 
diate products which can be traded in their own right, in the same way as 
that semiconductor wafers, as intermediate products for the subsequent 
manufacture of electronic devices and circuits. 
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The invention will now be explained in more detail with reference to pre- 
ferred embodiments and to the drawing in which are shown: 

Fig. 1 a schematic diagram to illustrate the formation of silicon 

clusters or nanociystals using the method of the invention, 

Fig. 2 a schematic diagram showing the single layer array of silicon 
clusters or nanociystals formed on a support, 

Fig. 3 a schematic diagram similar to Fig. 2, but showing an alter- 
native form of the support, 

Fig. 4 a schematic diagram similar to Fig. 3, but showing the single 
layer array of silicon clusters or nanociystals covered by a ~ 
capping layer of a thermally stable silicon compound, 

Fig. 5 a schematic diagram showing a further development of the 
concept of Fig. 4 to produce multilayer arrays of silicon clus- 
ters or nanociystals, 

Fig. 6 a schematic diagram showing a modification of the multilayer 
system of Fig. S to form a superlattice structure incorporating 
silicon clusters and nanociystals in alternate layers, 

Fig. 7 a perspective view of a wafer having an array of recesses 
therein, 
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Fig. 8 a schematic cross-section on the plane VEI-Vm of Fig. 7 to 

enlarged scale and showing superlattice structures similar to 
Fig. 6 formed in each of the recesses of the wafer of Fig. 7, 

Fig. 9 a schematic diagram showing the superlattice structure of Fig, 
7 incorporated into a so-called MOS structure- and 

Fig. 10 a schematic diagram of a known semiconductor light-emitting 
device adapted to use a superlattice structure in accordance 
with the present invention in the optically active region. 

Turning now to Fig. 1 there is shown a schematic side view of a single 
layer 10 of a layer of a thermally non-stable silicon compound, here in the 
form of SiO x , with the value of x selected to be a non-stochiometric value 
greater than 0 but less than 2. The layer 10 can have a layer thickness4n 
the range between 0.5 nm and 20 nm, but is preferably 2 to 3 nm thick. 
The layer 10 can be deposited by any of the known layer deposition proc- 
esses such as a chemical vapour deposition, low-pressure chemical va- 
pour deposition, evaporation of SiOx in oxygen containing atmospheres, 
sputtering, reactive sputtering, pulsed laser deposition and molecular 
beam epitaxy. 

Although the thermally non-stable silicon compound used in all the pres- 
ent examples is SiOx, it is quite conceivable that other thermally non- 
stable silicon compounds can also be used, one possibility being a silicon 
nitride which would then be deposited in the form SiN x . 



Having deposited the layer 10, it is then subjected to a thermal treatment 
and this results in a phase separation of the amorphous SiO x into clusters 
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or nanociystals 11 of Si separated by a matrix of Si02 13, as is schemati- 
cally shown in the lower version of the layer 10 in Fig. 1, with the verti- 
cally downwardly directed arrow representing the heat treatment This 
heat treatment can either be a heat treatment at a temperature at or 
above the crystallisation temperature Tc for a suitable period of time, for 
example a heat treatment at 110O°C for 60 minutes. It should be noted 
that Tc is not actually a fixed value, but depends with thin layers on the 
precise layer structure that is being used because the crystallisation tem- 
perature is strongly dependent on strain considerations and these are af- 
fected by the layer size. Thus, the crystallisation temperature can fluctu- 
ate over a wide range from the crystallisation temperature of amorphous 
bulk material of 700°C up to temperatures of 1100°C or more depending 
on the precise layer structure involved. 

'. * 

\ 

It should also be noted that the maximum height of the Si clusters or 1 
nanociystals is limited by the layer thickness. It is, however, possible for 
Si clusters or nanociystals smaller than the layer thickness to form as is 
indicated at 11' in Fig. 1. The stochiometry, i.e. the value of x in SiOx can 
affect this tendency..* When x is relatively high, the tendency to form 
smaller clusters or crystals such as 1 1' tends to be higher. 

An alternative to thermal treatment at a substantially constant tempera- 
ture for a fixed period of time is to subject the layer or layer structure to 
rapid thermal annealing so that the layer or layer structure involved is 
rapidly heated up to a peak temperature and rapidly cooled down again 
once or a plurality of times, with the peak temperature generally being in 
the range quoted above (700°C to 1100°C) or even significantly lower, be- 
low the crystallisation temperature Tc for the structure. 
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Irrespective of the thermal treatment that is used, the thickness of the 
layer 10 will control the height as well as the lateral dimensions of the 
nanociystals and will also control the size distribution of the clusters or 
nanocrystals in such a way that the size distribution will be very narrow. 
The clusters or nanocrystals of silicon that are formed are thus well de- 
fined and are' separated by a good quality oxide which can be as thin as 
two monolayers thick. Generally speaking, the spacing surface-to-surface 
between adjacent clusters and silicon nanocrystals will be selected to be in 
the range between 0.5 nm and 20 nm. 

In this way, the layer 10 contains a dense single-plane array of Si clusters 
or nanocrystals* with a narrow size distribution and this favours high in- 
tensity defined luminous emission from the layer when supplied with en- 
ergy from an outside source, either in the form of optical pumping or 
through the injection of charge carriers. 

In a practical embodiment, the layer of Fig. 1 must be formed on a support 
12 as shown in Fig. 2. In Fig. 2 the support 12 is formed of quartz and the 
layer 10 is present in the thermally treated form, i.e. corresponding to the 
lower diagram in Fig. 1. This layer is described here as nc Si in SiC>2 (nc = 
nanocrystal). Quartz consists chemically of SiCte which is a chemically and 
thermally stable compound of silicon and therefore there is no danger that 
the Si nanociystals will coalesce with the surface of the support, instead 
they will remain in discrete form in the layer 10. Instead of using quartz 
for the support 12, this could also be a substrate of another thermally 
stable material, such as a sapphire wafer. Alternatively, as shown in Fig. 
3, the support 12 can comprise a silicon substrate 14 with a layer 16 of 
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SiO^ grown on it, for example a thermally grown silicon dioxide layer ob- 
tained by exposing the silicon substrate to a high temperature in an oxy- 
gen-containing environment. The layer 10 is then deposited on the Si02 
layer and the resulting semiconductor structure is treated thermally to 
produce the nanocrystalline silicon in SiCh in this 3 nm thick layer 10. It 
is noted that the SiCh layer 16 directly below the layer 10 also means the 
nanocrystals'in the layer are separated from the Si substrate by S1O2. 

The semiconductor structure of Fig. 3 can be further developed as shown 
in Fig. 4 by depositing a further layer 18 of Si02- The layer 18 is preferably 
Si02. However, it could, for example, also be SiaN4 and this also applies to ' 
the layer 16. 

It is, however, particularly simple to realise the invention when the layers 
16 and 18 are SiC>2 and the layer 10 is deposited as SiO x . When this is the . 
case, it is possible to control the composition of the layers simply by 
varying the oxygen pressure in the deposition chamber. If the oxygen 
pressure is set relatively high, then there will be sufficient oxygen atoms 
present that a thermally stable Si02 is deposited. If, on the other hand, 
the oxygen pressure is reduced; then an SiOx layer is deposited because 
there are insufficient oxygen atoms available to form Si02. Thus, a sand- 
which system, such as the layers 16, 10 and 18 in Fig. 4, can be deposited 
simply by varying the oxygen pressure in the deposition apparatus. 

This also applies to the multilayer structure shown in Fig. 5. The structure 
shown in Fig. 5 differs only from the structure shown in Fig. 4 by the fact 
that it involves an alternating sequence of layers 10 and layers 18, with 
the layers 18 of Si02 or Si3N4 being substantially thicker than the equiva- 
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lent layers in Fig. 4. Each layer 10 is realised as a 3 run thick layer with 
nanocrystalline silicon in SiCte and therefore there is a well ordered array 
of silicon clusters or nanociystals in the semiconductor structure that is 
formed. Although the embodiment of Fig. 5 shows just two layers 10, the 
structure can be repeated with many more layers 10 and 18 as desired. 
This also applies to the structure shown in Fig. 6, where an alternating 
sequence of 25 alternate layers 10 and 18 are deposited on a support 12 
which is shown here as a quartz support The layers 10 are again realised 
in accordance with a preferred embodiment by a 3 nm thick layer with 
nanocrystalline silicon distributed in an Si02 matrix. The layers 18 are 
preferably formed of Si02. 

It is not, however, essential for the support 12 to be a quartz substrate it 
could, for example, be a sapphire substrate or it could be a silicon sub-_ 
strate, in which case a layer 16 of Si02 should be deposited on the silicon 
substrate beneath the bottom-most layer 10 of the superlattice structure. 
In order to realise the superlattice structure the layers 18 should be kept 
relatively thin, in the nanometer range, i.e: thinner than the layers shown 
schematically in Fig." 5. The superlattice structure has the advantage, that 
the individual layers 10 of the structure are arranged relatively close to 
one another, so that a high density of clusters or nanociystals of silicon is 
achieved and indeed the crystals are disposed in the well ordered layers 
10. The superlattice structure can again be realised by varying the oxygen 
pressure in the deposition system. 

Figs. 7 and 8 show an interesting concept for the realisation of a superlat- 
tice structure as shown in Fig. 6 in a photonic, optical or electronic 
structure. 
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Fig. 7 schematically illustrates a chip or wafer comprising a support 12 of 
quartz on which there has first been grown a relatively thick layer 20 of 
silicon dioxide. The layer of silicon dioxide is then etched to form a plural- 
ity of recesses or spatially bounded regions 22 which are shown in Fig. 7 
as round holes, but which could also be square holes or regions of other 
shape, for example channel shaped recesses. The superlattice structure is 
then deposited in the spatially bounded regions 22 on top of the quartz 
substrate resulting in a finished structure as shown schematically in Fig. 
8. Again, the reference numerals used in Fig. 8 have the same meaning as 
in the earlier drawings. I.e. the layers 10 comprise, in the preferred em- 
bodiment, a 3 nm thick layer of nanocrystalline silicon in Si02 and the 
layers 18 comprise layers of Si02. Instead of using quartz as a support it 
is also possible to use a sapphire support or a silicon substrate, in which 
case a layer of silicon dioxide is first grown onto the silicon substrate to 
form the support, so that the bottom layer of each superlattice structure is 
now not a layer 10, but a layer of Si02 corresponding to the layer 16 in 
Fig. 4. 

Alternatively, instead of using a quartz support and an SiOa layer 20 one 
can use a bulk silicon wafer in which holes or channels or recesses are 
formed, e.g, by etching. 

A structure of the kind shown in Fig. 8 can be used for an optically 
pumped silicon device showing luminescence at a wavelength determined 
by the size of the nanociystals in the silicon dioxide matrix and/ or by the 
Si nanociystal/Si02 interface states and/or by states defined by a rare 
earth element or compound used as a dopant in the structure. It is 
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namely possible, in all the structure described herein to use at least one 
rare earth element or at least one compound of rare earth element as a 
dopant. For example, the dopant can comprise erbium or erbium oxide 
which results in luminescence at a wavelength of 1.54 jim. In order to 
achieve this luminescence, it is necessary to pump the structure either 
optically or electronically. In the optical case this would be done with ra- 
diation, for example broadband radiation, at a higher frequency (shorter 
wavelength) which is provided by the silicon nanocrystals and would 
stimulate the radiative transmissions of 1.54 fim wavelength. 

The doping can take different forms. For example, the doping can com- 
prise small quantities of dopant material distributed throughout the layer 
system. Alternatively, thin layers of dopant can be deposited adjacent the 
layers 10 so that a dopant is present in the proximity of the nanocrystals. 
Also volume doping can be used in the layers 10 so that again dopants are 
in close proximity to the silicon nanocrystals. 

The structure of Fig. 8 can also be further developed. One possibility for 
this would be to apply a mask to the structure of Fig. 8 covering over the 
superlattice structures but exposing the Si0 2 material in the layer 20 sur- 
rounding the superlattice structures. Once the mask has been applied, the 
Si02 regions could be selectively etched away to leave free standing su- 
perlattice pillars on the substrate. It is then conceivable that contacts 
could be applied to the top of the free-standing superlattice pillars and to 
the substrate 12 (if realised as conductive silicon, for example n-type Si) 
making it possible to supply charge carriers to the superlattice structure 
and to generate luminescence by an electrical technique. 
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A structure formed in this way could subsequently be split up into indi- 
vidual devices, each comprising one free-standing superlattice pillar and 
indeed the pillars could also be formed as elongate strips or bars. 

Fig. 9 shows a way of incorporating a superlattice structure similar to that 
shown in Fig. 6 into a so-called MOS structure. Here, the support 12 is 
realised as a highly doped silicon substrate (crystalline silicon substrate of 
n-type) on which the superlattice structure is grown, with a layer 16 of 
Si02 at the interface between the support 12 and the lowermost layer 10 
of the superlattice structure. Again the layers 12, 16, 10 and 18 are to be 
understood in accordance with the description previously given for layers 
identified by the same reference numerals. On top of the superlattice 
structure and after the high temperature annealing there is then deposited 
a light transmitting contact layer, for example of ITO (indium tin oxide, 
(InSnO)) or a transparent metallic layer such as gold. Leads such as 24 
and 26 can then be bonded to the contact layers at the substrate and at 
the top layer 23. 

Although the top layer of the superlattice structure shown in Fig. 9 is 
identified by the reference numeral 18, the top layer beneath the contact 
layer could also be a layer 10. Moreover, the number of periods of the su- 
perlattice layer shown in Fig. 9 is given purely by way of illustration, the 
number of layers actually present could be varied at will, as in the other 
embodiments involving the superlattice structures. 

Finally, Fig. 10 shows a schematic drawing of a light emitting device in a 
configuration which is generally known per se, but is in this case adapted 
to use the superlattice structure of the invention. 



WO 02/061815 



PCT/EP02/00860 



18 



More specifically, the schematic diagram of Fig. 10 shows a structure 
having the following layers, starting from the bottom. 28 is a contact layer 
provided on the bottom side of an n-type silicon support 12 on which a 
superlattice structure, identified here as SL (10, 18), is deposited, again 
with an interface layer 16 of SiCh provided between the n-Si layer and the 
superlattice structure 10, 18. The superlattice structure is then followed 
by a layer 30 of p-type Si which is extended upwardly in the central region 
to form a bar or stripe 32 of the same material. An insulator 34, for exam- 
ple Si02, is then deposited on either side of the bar 32 above the layer 30 
of p-type Si and the structure is then capped by an upper contact layer 
36. By applying a potential difference across the layers 28 and 36 it is 
then possible to supply charge carriers to the superlattice structure 10, 18 
and generate luminescence there, so that light leaves the superlattice 
structure in the region beneath the bar 32 as illustrated by the arrows 38. 

When realised using SiOx as the thermally non-stable silicon compound 
and Si02 as the thermally stable silicon compound, the thickness of the 
SiOx and Si02 layers,- their number, the composition of the SiOx layers 
(x between 0 and 2) and the thermal treatment process (time duration, 
temperature, temperature profile and the gases used during thermal 
treatment or the vacuum used during thermal treatment) can be varied to 
control: 

The size of the clusters or nanocrystals of silicon that are produced, 
the size distribution of the particles, 
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the density of the clusters or nanocrystals within each layer con- 
taining clusters and nanocrystals, 

and thickness of the oxide barriers between the silicon clusters or 
nanocrystals. 

Structures as described herein are expected to show optical gain and are 
suitable for use in light emitting applications. Moreover, the semiconduc- 
tor structures described can be integrated into photonic or electronic 
structures and can in particular be integrated with other electronic cir- 
cuits onto chips. 

The structures can be doped with optically active atoms, in particular of 
rare earth elements, either during deposition or subsequently by ion 
implantation. 

The above described method for the preparation of Si nanocrystals enables 
the control not only of the size but also of the density and the arrange- 
ments of the nanocrystals as well as and independent of the stoichiome- 
try. 

In one specific embodiment amorphous SiOx/Si02 super lattices were 
prepared by reactive evaporation of SiO powders in an oxygen atmosphere. 
The films were deposited on 4 inch (10cm) wafers in a conventional evapo- 
ration system with two symmetrically arranged evaporators. Rotation of 
the substrate enabled a high homogeneity over the whole wafer. Before 
evaporation the chamber was pumped down to 1 x 10" 7 mbar. The sub- 
strate temperature was 100°C. In this example a constant stoichiometiy of 
x«l was used for the ultra thin SiO x layers. The SiO layers where prepared 
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with thicknesses from 3 nm (sample A) to 1 nm (sample B) and with from 
46 to 92 periods separated by SiOa layers of 3 nm and 2 nm to force the 
nanocrystals into a dense and layered arrangement After deposition the 
samples were annealed at 1100°C for one hour under an N 2 atmosphere. 

Using dark field conditions the upper limit of the nanocrystal sizes was 
estimated. The roughness of the interfaces was below 0.5 nm at both sides 
in the prepared films and thus resulted in a size distribution of 3.3 ± 0.5 
nm after annealing for sample A. 

The upper limit of the nanocrystal size estimated from dark field images 
are less than 3.8 nm for sample A and less than 2.0 nm for sample B. No 
larger crystals were observed. By x-ray diffraction the average nanocrystal 
size was estimated using the Scherrer equation. The average size esti- 
mated from sample A was 3.4 nm (±0.5 nm) in good agreement with the 
above mentioned TEM results. 

The nanocrystal sizes are controlled independently by using a layer thick- 
ness equal to or slightly below the desired crystal sizes. 

Thus size control is realized by specifying the thickness of the active SiO 
layers, for example so they lie between 1 and 7 nm, which also limits the 
maximum size of the nanocrystals and strongly restricts the size distribu- 
tion. The density of the nanocrystals can be adjusted by the thickness of 
the buffer Si0 2 layer. For example a thickness of approximately 3 nm is 
used. The position of the nanocrystal is controlled by that of the SiO 
layers in the growth direction and by selecting a specific area on the wafer 
by lithography. 
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This process enables the economic production of high density arrays of 
randomly oriented silicon nanochisters or nanocrystals with a narrow size 
distribution. It is expected that the same approach of using a superlattice 
structure and ultrathin Si sub oxides as the active layer can be repro- 
duced by different techniques such as reactive sputtering, chemical wafer 
deposition, or molecular beam epitaxy growth and will result in a similarly 
simple control for ordered arranged Si nanocrystals. Within the layer the 
density of the nanocrystals and the thickness of the surrounding oxide 
buffer can be controlled by the stoichiometry of the active SiO* layer. The 
highest density of Si nanocrystals in this method seems to be achievable 
with values of x = 1. 

Potential applications for this technique include light emitting structures 
based on silicon. In addition erbium (Er) doping of the structure shows a 
strong enhancement of the 1.5 nm Er luminescence. This enhancement is 
a result of the coupled emission process of the silicon nanocrystals and 
Er* ions in the vicinity of the nanocrystal, which can be of interest for 
small size and low cost Er amplifiers. 
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CLAIMS 

1. A method of manufacturing a semiconductor structure comprising 
clusters and/ or nanociystals of silicon which are present in distrib- 
uted form in a matrix of a silicon compound, characterised by the 
steps of 

a) depositing a layer of a thermally non-stable silicon compound 
having a layer thickness in the range between 0.5 nm and 20 
nm especially between 1 nm and 10 nm and in particular 
between 1 nm and 7 nm on a support and 

b) thermal treatment at a temperature sufficient to cany out a 
phase separation to obtain the clusters or nanociystals of sili- 
con in a matrix of thermally stable silicon compound. 

2. A method in accordance with claiml, 
characterised in that 

said thermal treatment comprises heating said deposited layer or 
said semiconductor structure to a temperature at or above the 
crystallisation temperature (Tc). 

3. A method in accordance with claim 1, 
characterised in that 

said thermal treatment comprises rapid thermal annealing, i.e. rapid 
heating once or repeatedly with subsequent cooling after each 
heating phase. 



WO 02/061815 



PCT/EP02/00860 



23 



4. A method in accordance with any one of the preceding claims, 
characterised in that 

the support is provided, at least at the interface to the deposited 
layer, with a layer of a thermally stable silicon compound or of at 
least one rare earth compound. 

5. A method in accordance with any one of the preceding claims, 
characterised in that 

a further layer of a thermally stable silicon compound or of at least 
one rare earth* compound is deposited onto the thermally non-stable 
silicon compound layer. 

6. A method in accordance with claim 5, r 
characterised in that — 
an alternating sequence of deposited layers of thermally non-stable 
and thermally stable silicon compounds, optionally with further in- 
termediate layers, is produced. 

7. A method in accordance with claim 6, 
characterised in that 

the alternating sequence is realised as a superlattice. 

8. A method in accordance with either one of the claims 6 or 7, 
characterised in that 

said layer sequence is formed in at least one spatially bounded re- 
gion of a structure, for example of a photonic or optical structure. 
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9. A method in accordance with claim 8, 
characterised in that 

the material of the structure surrounding said region is subse- 
quently removed, e.g. by etching to form a free standing layer se- 
quence. 

10. A method in accordance with one of the preceding claims, 
characterised in that 

the semiconductor structure contains at least one element or com- 
poTond of the group of rare earth elements, for example erbium or 
erbium oxide in particular in the vicinity of the clusters or nanoc- 
rystals. 

11. A method in accordance with any one of the preceding claims, 
characterised in that 

one or more silicon compound layers are doped with at least one 
element or compound of the group of rare earth elements, for exam- 
ple by implantation or during generation of any of the layers. 

12. A method in accordance with one of the preceding claims, 
characterised in that 

the mean size and the mean spacing of the clusters or of the nano- 
crystals are set via the stochiometry of the thermally non-stable 
compound, i.e. by the value of x with 0 < x < 2 when the thermally 
non-stable compound is SiO x . 

13. A method in accordance with any one of the preceding claims, 
characterised in that 
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the mean size and the mean spacing of the clusters or of the nano- 
ciystals are set by the temperature characteristic of the thermal 
treatment and also by the environmental conditions which are used, 
for example the gases that are used, for example forming 
gas/nitrogen/ argon, or the vacuum conditions. 

14. A method in accordance with any one pf the preceding claims, 
characterised in that 

the structure which is produced is integrated into an electronic 
structure which is suitable for supplying charge carriers into the 
clusters or nanocrystals or to inject charge carriers into the clusters 
or nanocrystals. 

15. A method in accordance with any one of the preceding claims, 
characterised in that 

the deposition of the layer or layers on the support is carried out by 
any one of the methods of the group comprising: chemical vapour 
deposition, low pressure chemical vapour deposition, evaporation of 
SiOx powders in oxygen-containing atmospheres, sputtering, reac- 
tive sputtering, pulsed laser deposition and molecular beam epitaxy. 

16. A method in accordance with any one of the preceding clai m s, 
characterised in that, 

SiOx with 0 < x < 2 is selected for the thermally non-stable silicon 
compound. 

17. A method in accordance with any one of the preceding claims, 
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characterised in that Si02 or Si3N4 is selected as the thermally stable 
silicon compound. 

«> 

18. A semiconductor structure comprising clusters and/ or nanocrystals 
of silicon which are present in distributed form in a matrix of a sili- 
con compound, 

characterised in that 

the clusters and/or nanocrystals of silicon have a height in the 
range between 0.5 nm and 20 nm, especially between 1 run and 10 
run and in particular between 1 nm and 7 nm and lateral dimen- 
sions in the same range and are separated from one another by a 
thermally stable silicon compound matrix material, with the mean 
spacing (surface to surface) between adjacent clusters and/or 
nanocrystals lying in the range between 0.5 nm and 100 run, and in 
that the matrix of thermally stable silicon compound containing the 
clusters and/ or nanocrystals of silicon is provided on a support and 
has a thickness in the range from 0.5 run to 20 nm, with the clus- 
ters or nanocrystals being substantially coplanar. 

19. A semiconductor structure in accordance with claim 18, 
characterised in that 

the support consists, at least at the interface to the deposited layer, 
of a thermally stable silicon compound or of at least one rare earth 
compound. 

20. A semiconductor structure in accordance with claim 19, 
characterised in that 
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said support comprises a substrate of quartz or any other thermally 
stable insulating material capable of withstanding thermal treat- 
ment at temperatures of the order of magnitude of 700°C or higher. 

21. A semiconductor structure in accordance with claim 19, 
characterised in that 

the support comprises a silicon substrate or a sapphire substrate 
having the thermally stable silicon compound or at least one rare 
earth compound at the interface to the layer containing the Si clus- 
ters and /or nanociystals of silicon. 

22. A semiconductor structure in accordance with one of the preceding 
claims 18 to 21, 

characterised in that 

a further layer of a thermally stable silicon compound or of at least 
one rare earth compound is present on the side of said layer con- 
taining the clusters and /or nanocrystals of silicon remote from said 
support. 

23. A semiconductor structure in accordance with one of the preceding 
claims 18 to 22, 

characterised in that 

there is an alternating sequence of deposited layers of thermally 
stable silicon compounds and layers comprising a matrix of a ther- 
mally stable silicon compound with clusters and/or nanocrystals of 
silicon present therein in distributed form. 

24. A semiconductor structure in accordance with claim 23, 
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characterised in that 

said alternating sequence includes further intermediate layers. 

25. Semiconductor structure in accordance with claim 23 or 24, 
characterised in that 

the alternating sequence is realised as a superlattice structure. 

26. A semiconductor structure in accordance with any one of claims 23, 
24 or 25, 

characterised in that 

said alternating sequence is formed in at least one spatially bounded 
region of a structure, for example of a photonic or optical structure. 

27. A semiconductor structure in accordance with any one of the claims 
23, 24 or 25, 

characterised in that 

said alternating sequence is present as a free-standing layer se- 
quence on said support 

28. A semiconductor structure in accordance with one of the preceding 
claims 18 to 27, 

characterised in that 

it contains at least one element or compound of the group of rare 
earth elements, for example erbium or erbium oxide. 

29. A semiconductor structure in accordance with any one of the pre- 
ceding claims, 

characterised in that 
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34. A semiconductor structure in accordance with any one of the pre- 
ceding claims, wherein said layer or layers of thermally stable silicon 
compound comprise silicon dioxide or silicon nitride. 

35. Semiconductor structure in accordance with any one of the preced- 
ing claims, wherein said thermally non-stable silicon compound 
comprises SiO x with 0 < x < 2. 
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